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 Hydrophilic formulations containing curcumin were obtained for colorant use.
 Final product was a free flow powder readily dispersible in water.
 Chemometric analyses identified the conditions leading to the most stable products.
 Stability depended on the encapsulant material, chemicals contents and pH.a r t i c l e i n f o
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Natural food colorants are on demand due to food safety concerns related with some synthetic counter-
parts. Health-friendly alternatives can be available from plant sources, which include curcumin extracted
from Curcuma longa L. However, its industrial use is difficult to achieve due to the low water affinity, pH
and thermal instability, which is particularly challenging, e.g. for baked foods. In this work, the solid dis-
persion technique followed by spray-drying, an emergent approach in the context of colorants, was
applied to curcumin using k-carrageenan, poly(vinyl alcohol) and polyvinylpyrrolidone, as the encapsu-
lant materials. An orthogonal central composite design with dummy-variables was applied, and principal
component analysis (PCA) and hierarchical cluster analysis (HCA) carried out to identify the experimental
conditions leading to the most effective formulations. In general, particles with a wide range of pH and
heat stability have been produced depending on the chosen encapsulant material, used formulation (cur-
cumin, surfactant and polymer contents), and synthesis conditions (pH). Moreover, the used mathemat-
ical approach showed to be a valuable tool to support the development of tailor-made formulations
directed to specific applications where pH and temperature are relevant processing parameters.
 2019 Elsevier Ltd. All rights reserved.1. Introduction
Curcumin is a polyphenol with remarkable properties like
endogenous antioxidant (Jaiswal et al., 2016), anti-inflammatory
(Aggarwal and Harikumar, 2009), and antimicrobial activities
(Bajpai et al., 2015; da Silva et al., 2017), together with the ability
to modulate the action of important enzymes like the onesinvolved in the cholinergic equilibrium (Ahmed and Gilani,
2009). Curcumin bioactivity has been subjected to extensive stud-
ies and reviewed in detail (Prasad et al., 2014), but only recently its
colorant ability caught the attention of the industrial sector, partic-
ularly the food industry, which urges for alternatives to synthetic
colorants. In fact, until date, it remains a challenge to substitute
artificial colorants such as tartrazine, which despite being an aller-
gen for a large part of the population, is still in use to give the yel-
low and orange hue to foodstuffs.
In the context of tartrazine substitution, curcumin is a very
promising candidate, but its wide use has been hindered due to
its unique physico-chemical properties. It exists as a keto-enol
equilibrium (Siviero et al., 2015), and its color is remarkably
V.F. Leimann et al. / Chemical Engineering Science 205 (2019) 248–258 249affected by pH, ranging from bright yellow in acidic medium, to
orange in neutral to slightly basic medium, and to brown in high
pH. This color instability is not desirable from an industrial point
of view, namely during food processing where pH changes
throughout the industrialization steps, compromising product
standardization. Another constraint associated with curcumin is
its poor solubility in water, which besides compromising bioavail-
ability, and consequently its nutraceutical efficacy (Salvia-Trujillo
et al., 2017; Siviero et al., 2015), hinders its efficient used as col-
orant in water-rich food systems.
Color instability is a major concern for natural colorants, and to
curcumin in particular, with encapsulation emerging as a promis-
ing technology to overcome this constraint (Obón et al., 2009;
Sousdaleff et al., 2013). Moreover, encapsulation is envisioned as
a feasible technological approach to improve water compatibility
of hydrophobic compounds (Ramachandraiah et al., 2018). In this
context, Solid Dispersions (SD) have been extensively tested to
protect and improve water compatibility, and thus the bioavail-
ability of hydrophobic substances (Vasconcelos et al., 2007).
Although SD may be achieved by hot melt extrusion with good
results (Chuah et al., 2014), the method of dissolution in a common
solvent is an alternative considered easier to apply and less expen-
sive. Nevertheless, it presents as the main constraint the solvent
evaporation step, which has been reported to be efficiently con-
ducted by spray-drying technique. Gangurde et al (2015), which
compared curcumin solid dispersions obtained by spray-drying
and simple evaporation, reported an improved water compatibility
for the spray-dried samples. Other authors also corroborated that
solid dispersions can be successfully achieved by spray-drying (Li
et al., 2013; Paradkar et al., 2004). In fact, spray-drying, a technique
highly implemented at industrial level, is extensively described as
suitable to be used in the encapsulation of substances for the food
industry. It is a flexible process in terms of encapsulant agents and
active principles, besides offering an ease scale-up to semi-pilot
and industrial level production.
Water affinity of curcumin solid dispersions is influenced by the
used encapsulant material, and dissolution tests have demon-
strated an increased water solubility when amphiphilic polymers
like polyvinylpyrrolidone are used (Seo et al., 2012). Water solubil-
ity is remarkably improved if surface active encapsulants are used,
however substances with no surface activity should be preferred
for food formulations since they have less impact on technological
properties (e.g. viscosity or foaming formation). Thus, the selection
of the most suitable carrier (usually a polymer) is critical; it must
take into account long term stability, and in in vivo and in vitro per-
formance, which are expected to depend on carrier’s chemical nat-
ure (Patel et al., 2015).
Solid dispersions, produced with the main focus of improving
curcumin bioavailability, were already obtained with encapsulants
like Poloxamer 188 and polyethylene glycol (Hu et al., 2015),
methacrylate copolymers and polyvinylpyrrolidone (PVP) (Meng
et al., 2015), and cellulose-based polymers (Gangurde et al.,
2015; Li et al., 2013). Particularly, in the case of curcumin solid dis-
persions based on PVP (Meng et al., 2015; Paradkar et al., 2004), an
increased curcumin water affinity was observed (Seo et al., 2012).
Also, when compared to cellulose derivatives, PVP conducted to a
higher curcumin concentration in the aqueous phase, thus to a bet-
ter color saturation as well (Li et al., 2013), proving the feasibility
of this technique to produce curcumin-based colorants, until date
not explored at this level.
Despite the various tested materials, there are still some impor-
tant alternatives to be evaluated as curcumin carriers in solid dis-
persions, namely it is important to widen the use of natural
options, which can be crucial under the increasing constraints of
food products legislation. Moreover, the chosen material is
expected to impact the color power of the produced particulatepowders, as well as their stability upon food processing conditions
(e.g. pH and heating conditions). Other important points deserving
investigation is to understand the influence of processing parame-
ters such as surfactant concentration and pH on color power and
stability.
In the development of products and processes, frequently qual-
itative variables must be considered in the optimization, such as
the polymer type used as encapsulation agent. In this sense, the
data analysis technique employed should allow to represent the
obtained results in terms of quantitative terms without imposing
unrealistic measurement assumptions on the categorical variables.
Thus, the dummy-variables can be introduced, by coding the cate-
gorical variables to be used in a standard regression estimation
(Hardy, 1993). Another strategy to evaluate the possible relations
between the processing variables and the responses evaluated is
the use of unsupervised chemometric methods, such as Hierarchi-
cal Cluster Analysis (HCA) and Principal Component Analysis
(PCA). They aim to evaluate whether clustering exists in a dataset
without using class membership information in the calculations.
Natural clustering of samples/objects is the result of understanding
the measurement system used to characterize the samples and this
union between statistical analysis and analytical methods aids in
elucidating the physical reasons for the presence/absence of clus-
tering in the data (Granato et al., 2018).
The objective of this work was to evaluate the color stability of
curcumin solid dispersions produced with 3 polymeric carriers
(PVP, polyvinyl alcohol (PVA) and k-carrageenan), concerning pH
and heating conditions, to act as new natural-based colorants. To
the authors’ best knowledge, PVA and k-carrageenan (a natural
polymer) were never used in the context of solid dispersions pro-
duction, and curcumin solid dispersions itself were never used in
the context of colorant agents. Solid dispersions were obtained
under different experimental conditions of pH, curcumin and
Tween 80 concentration, defined using a central composite design
with three orthogonal blocks to evaluate the effect of the chosen
encapsulant materials. In order to systematize the obtained infor-
mation, data was analyzed by principal component analysis and
hierarchical cluster analysis. Experimental data is therefore repre-
sented in a comprehensive way facilitating decision-making of
end-users, helping to choose the best formulation for a certain
application where pH and temperature are relevant processing
parameters.2. Material and methods
2.1. Materials
Curcumin (80% purity) was acquired from Sigma-Aldrich. Poly-
vinyl alcohol (PVA, Celanese Chemicals), polyvinylpyrrolidone
(PVP, Sigma-Aldrich) and k-carrageenan (Acros Organics) were
used as synthetic (PVA and PVP) and natural (k-carrageenan)
encapsulant materials. They were chosen because their chemical
structure would favor the formation of the solid dispersion. Tween
80 (Alfa Aesar) and absolute ethanol (Honeywell, 99.8%) were used
as surfactant and solvent, respectively. Citric acid (PanReac 99.5%)
and sodium citrate (PanReac 99.0%) were used to prepare the buf-
fer to control pH during particles production.2.2. Curcumin solid dispersions preparation
Particles were obtained using the solid dispersion technique as
described by da Silva et al. (2017) with minor modifications
(Fig. 1). By this method, encapsulant and encapsulating substance
are dissolved in a common solvent is and particle formation occurs
by chemical interactions between them (Li et al., 2013). Briefly, the
Fig. 1. Schematic diagram of the particles production.
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according to Table 2) were solubilized in citric acid/sodium citrate
aqueous buffer solution with the required pH (100 mL), whereas
curcumin (amount according to Table 2) was solubilized in ethanol
(50 mL). The ethanol solution was poured into the aqueous phase
and the mixture sonicated (Qsonica model Q500, 500 W0.) at 70%
potency for 10 min (30 s on and 10 s off to avoid overheating).
Right after sonication, the dispersion was spray dried under nitro-
gen flux (667 L h1) using the following conditions: inlet at 140 C,
outlet at 70 C, solution volumetric flowrate of 11 mL min1, aspi-
ration rate of 35 m3 h1. The obtained particles were then stored at
10 C protected from light until characterization.
2.3. Experimental design
For the observed responses a quadratic model with dummy-
variables was adjusted according to Eq. (1) (Bona et al., 2002).
by x; zð Þ ¼ b0 þ b1x1 þ b11x21 þ b2x2 þ b22x22 þ b3x3 þ b33x23
þ b12x1x2 þ b13x1x3 þ b23x2x3 þ c1z1 þ c2z2 ð1Þ
where xi represent the quantitative factors ((x1 - curcumin content
(%w/w, polymer-basis), x2 – pH, x3 – Tween 80 content (%w/w,
polymer-basis)); zi the dummy-variables assigning the encapsulant
type (PVA, k-carrageenan and PVP); b the coefficients for quantita-
tive factors, and c the coefficients for dummy-variables. The quan-
titative factors and dummy-variables coding are presented in
Table 1.
The implemented central composite experimental design with
three orthogonal blocks is described in Table 2.
Regression analysis was carried out using scripts developed by
the authors in MATLAB R2008b (MathWorks Inc., Natick, MA,
USA). In the ANOVA table, the source of variation ‘‘regression”
was unfolded in the effect of the quantitative variables (xi) andTable 1
Quantitative factors and dummy-variables, and respective levels.
Level
(-1,633) (-
x1 (curcumin content, %w/w, polymer-basis) 5 8
x2 (pH) 3 3
x3 (Tween80 content, %w/w, polymer-basis) 0 5
Dummy-variable coding
PVA
z1 1
z2 0the effect of the dummy variables (zi) in order to evaluate the influ-
ence of the encapsulant type on the dependent variables.
2.4. Curcumin solid dispersions characterization
The obtained curcumin solid dispersions were characterized in
what concerns particle size distribution, and color parameters.
Particle size distributions were determined by Laser Diffraction
(Malvern, Mastersizer 3000) using distilled water as the dispersant
medium. The evaluated parameters were D10, D50 and D90, in num-
ber, which indicated the particle size corresponding to 10, 50 e 90%
of the total number of the particles in the sample.
Particle color parameters (CIE L*, a* and b*) were determined
using a colorimeter (CR-400 model, Konica Minolta Sensing Inc.,
Japan). Chroma (C*) and Hue angle (H) were calculated using
Eqs. (2) and (3), respectively. This quantitative color system was
chosen in order to give insights on color as perceived and not only
based in specific wavelengths.
C ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
a2 þ b22
q
ð2Þ
h ¼ tan1 b
a
 
=6:2832
 
 360 ð3Þ
With:
a* > 0 and b  0 then H = h
a* < 0 and b  0 then H = 180 + h
a* < 0 and b < 0 then H = 180 + h
a* > 0 and b < 0 then H = 360 + h
2.5. Color stability to pH and temperature
For color stability evaluation, the particles were dispersed in
water and the resulting solutions subjected to pH changes accord-
ing to the procedure described by Sousdaleff et al. (2013) with
minor modifications. Briefly, for each experimental condition, an
amount of the produced solid dispersions, corresponding to
approximately 5 mg of curcumin, was dispersed in water (1 mL)
and protected from light. pH was then adjusted to 1, 3, 5, 7, 9 e
11 using NaOH or HCl 0.1 mol L1. Absorbance was immediately
measured (Varian Cary 50Scan) using a wavelength range from
300 to 800 nm. The acquired spectra were normalized [0,1] after
baseline correction using a polynomial offset based on regions free
of peaks (Brereton, 2018).
Color stability was studied by placing samples of approximately
1 g in an oven at 180 C and by monitoring color variation with
time (30, 60 and 120 min). This temperature was chosen since it
is the most common temperature used in bakery products, a rele-
vant application for the new colorants produced in this work. Color
variation, relative to the sample before heating, was determined by
Eq. (4) (Bermejo-Prada and Otero, 2016; Mcguire, 1992). Da*, Db*
and DL* represent the variation of each color parameter, as1) (0) (+1) (+1,633)
.876 15 21.124 25
.581 4.5 5.419 6.0
.814 15 24.186 30
k-carrageenan PVP
0 0
1 0
Table 2
Uncoded matrix of the orthogonal central composite experimental design.
Experimental run Block Curcumin content (%w/w, polymer-basis) pH Tween80 content (%w/w, polymer-basis) Polymer
1 1 21.12 3.58 24.19 PVA
2 1 15.00 4.50 15.00 PVA
3 1 15.00 4.50 15.00 PVA
4 1 21.12 5.42 5.81 PVA
5 1 8.88 5.42 24.19 PVA
6 1 8.88 3.58 5.81 PVA
7 2 15.00 4.50 15.00 k-carrageenan
8 2 21.12 5.42 24.19 k-carrageenan
9 2 8.88 3.58 24.19 k-carrageenan
10 2 15.00 4.50 15.00 k-carrageenan
11 2 8.88 5.42 5.81 k-carrageenan
12 2 21.12 3.58 5.81 k-carrageenan
13 3 25.00 4.50 15.00 PVP
14 3 15.00 4.50 0.00 PVP
15 3 15.00 4.50 15.00 PVP
16 3 5.00 4.50 15.00 PVP
17 3 15.00 4.50 15.00 PVP
18 3 15.00 6.00 15.00 PVP
19 3 15.00 4.50 30.00 PVP
20 3 15.00 3.00 15.00 PVP
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CR-400 model (Konica Minolta Sensing Inc., Japan). For comparison
purposes, additionally to the produced solid dispersions, pure cur-
cumin was used as reference.
DE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
DLð Þ2 þ Dað Þ2 þ Dbð Þ22
q
ð4Þ2.6. Principal component analysis and hierarchical analysis
For the principal component analysis (PCA) and hierarchical
cluster analysis (HCA), MATLAB R2008b (MathWorks Inc., Natick,
MA, USA) was used with the obtained results placed in columns
and the experimental runs in lines. Before analysis, the data matrix
was column scaled by its mean and standard deviation. This
variance-covariance matrix was transformed using the singular
value decomposition (SVD) algorithm. The first principal compo-
nents with an accumulated variance of 95% were retained to eval-
uate the distribution of the samples in the new projection space
(Brereton, 2018). PCA was applied to evaluate particles and color
stability after heating treatment while HCA was applied to investi-
gate color stability under different pH.
3. Results and discussion
3.1. Experimental design
The results of particle size, particle color parameters, and color
variation after heating treatment, for each run of the defined
experimental design, are presented in Table 3. ANOVA results
and overall goodness of fit for each model are presented in Table 4.
From the results listed in Table 3, it can be observed that the
solid dispersion produced particles with D50 values of around
500 nm, meaning that the diameter of 50% of the particles are
below this size. The formation of this range of nanosized particles
is described in the literature as occurring when the chemical struc-
ture of the polymeric encapsulant and curcumin allow the devel-
opment of molecular interactions such as hydrogen bonding.
Thus, in the particular case under study, a network may be formed
due to the existence of two hydroxyl groups in curcumin leading to
crosslinking with the hydroxyls and carbonyls of the polymeric
encapsulant, which induces the precipitation in the form of
nanoparticles (Yen et al., 2010). During the spray drying process,
these nanoparticles may agglomerate forming macroscopic entities(results not showed). Nevertheless, it is expected that upon contact
with water these macroscopic entities disrupt into the former
nanometric-sized particles. This is corroborated by the achieve-
ment of a D90 diameter of around 750 nm.
Concerning color parameters, the only significant models were
obtained for L* and a* meaning that the predictive capacity of
the models is unsatisfactory for the other parameters (b*, C* and
H) as denoted by the Radj2 values. Moreover, the effect of the used
polymeric encapsulant was only significant for luminosity (pdummy-
variables < 0.05). It is worth noting that the objective was to use the
produced particles as a yellow coloring agent, and for this reason
b* and Chroma (C*) parameters are of major importance. For this
reason, the obtained data was evaluated using principal compo-
nents analysis (PCA) and hierarchical cluster analysis (HCA) in
order qualitatively deduce how experimental parameters influence
color and particle size. In addition, a multivariate analysis may
allow a simultaneous comparison of all particle features.
3.2. Principal components analysis (PCA)
Five principal components were chosen for this analysis since
they were able to describe 95.85% of the total variation found
within the experiments. Loadings size (Table 5) were used to select
the principal components to be used for each parameter since the
size of the loadings for each PC is a measure of feature’s importance
to the PC model. Loadings close to the origin of the coordinate sys-
tem represent less important features (Sena et al., 2002). The cor-
relation between the variables was determined and is presented in
Table S1 (Supplementary Material).
Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.ces.2019.04.044.
Parameters b* and Chroma (C*) were chosen to evaluate color
attributes due to their major importance for the yellow color.
The combination of PC 1 and PC 4 was selected for these parame-
ters (loadings magnitude for b* were 0.404 and 0.425, and for C*
0.421 and –0.396, respectively for PC 1 and PC 4). PC 1 and PC 2
were chosen for particle size parameter because D10, D50 and D90
present the highest loadings in these projections as can be inferred
by the analysis of the data included in Table 5. For color variation
after a 30 min heating period the combination of PC1 and PC4 was
used, while the combination of PC4 and PC5 describes more ade-
quately the variations after 60 and 120 min. In the subsequent sec-
tions, the influence of each experimental condition is discussed
separately for each response. It is important to highlight that low
Table 3
Values of particle diameter corresponding to 10%, 50% and 90% of the number of particles (D10, D50 e D90), particle color parameters (L*, a*, b*, C*, H) and color variation (DE) after
heating treatment at 180 C during 30, 60 e 120 min for each experimental run.
Experimental run Particle size (mm) Color parameters Color variation (DE) after heating
D10 D50 D90 L* a* b* C* H DE* 30 min DE* 60 min DE* 120 min
1 0.371 0.483 0.704 84.103 15.060 95.750 96.927 81.061 45.388 40.670 58.558
2 0.368 0.478 0.686 87.707 8.623 91.857 92.261 84.637 36.677 32.242 54.892
3 0.373 0.486 0.714 87.227 9.043 88.777 89.236 84.183 29.805 29.835 33.537
4 0.360 0.459 0.638 88.010 8.060 83.080 83.470 84.459 22.574 30.077 28.881
5 0.369 0.481 0.693 91.300 0.743 91.227 91.230 89.533 39.218 41.646 38.581
6 0.366 0.474 0.670 89.110 4.070 90.593 90.685 87.427 35.258 35.727 35.295
7 0.369 0.480 0.678 88.653 5.490 81.423 81.608 86.142 20.687 33.706 31.464
8 0.366 0.473 0.662 87.827 7.197 73.220 73.573 84.386 17.812 37.993 23.977
9 0.373 0.486 0.682 91.063 1.443 75.873 75.887 91.090 30.741 46.817 42.304
10 0.383 0.497 0.722 87.243 4.383 85.630 85.742 87.069 30.048 48.743 35.573
11 0.373 0.487 0.707 90.793 1.317 63.217 63.230 88.807 17.627 23.071 35.658
12 0.366 0.473 0.667 86.810 9.977 65.983 66.733 81.402 24.875 32.305 22.256
13 0.364 0.469 0.656 85.153 0.090 78.970 78.970 89.934 26.158 41.517 48.741
14 0.405 0.516 0.754 87.547 2.523 85.623 85.661 91.688 27.274 39.320 43.510
15 0.376 0.491 0.709 85.047 2.947 78.160 78.216 87.841 29.374 30.327 53.771
16 0.367 0.474 0.664 88.843 8.767 76.700 77.199 96.521 28.872 34.411 58.678
17 0.372 0.486 0.701 84.863 2.557 73.180 73.225 87.999 17.520 30.376 47.219
18 0.374 0.488 0.701 83.340 2.840 74.700 74.754 87.823 11.268 8.373 9.843
19 0.379 0.496 0.715 86.137 0.587 79.243 79.246 89.576 23.663 34.342 44.800
20 0.378 0.493 0.707 73.507 25.690 72.503 76.920 70.489 33.840 32.171 52.703
Table 4
ANOVA results and overall goodness of fit for each model.
Particle size (mm) Color parameters Color variation (DE) after heating
D10 D50 D90 L* a* b* C* H DE* 30 min DE* 60 min DE* 120 min
p regression 0.344 0.159 0.154 <103 0.035 0.088 0.087 0.055 0.107 0.265 0.125
p dummy-variables 0.217 0.138 0.314 <103 0.236 0.180 0.192 0.410 0.173 0.213 0.158
p lack of fit 0.247 0.351 0.573 0.053 0.001 0.078 0.078 0.002 0.704 0.346 0.498
R2 0.703 0.786 0.789 0.904 0.876 0.829 0.829 0.855 0.816 0.766 0.805
Radj2 0.194 0.420 0.427 0.835 0.664 0.535 0.536 0.607 0.500 0.284 0.472
Standard error of the estimate (SEE) 0.009 0.009 0.021 1.553 4.157 5.986 5.933 3.282 5.889 7.350 9.459
Table 5
Loadings for each principal component (PC) and explained variance (in parenthesis).
PC 1 (31.31%) PC 2 (25.24%) PC 3 (24.24%) PC 4 (9.24%) PC 5 (5.83%)
D10 0.279 0.489 0.040 0.041 0.149
D50 0.279 0.509 0.002 0.018 0.071
D90 0.310 0.465 0.031 0.124 0.031
L* 0.095 0.102 0.524 0.183 0.286
a* 0.116 0.139 0.565 0.085 0.193
b* 0.404 0.253 0.137 0.425 0.145
C* 0.421 0.259 0.080 0.396 0.146
H 0.078 0.108 0.579 0.049 0.245
DE* 30 min 0.434 0.281 0.005 0.142 0.018
DE* 60 min 0.289 0.169 0.205 0.396 0.713
DE* 120 min 0.327 0.079 0.041 0.652 0.491
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parameters.
3.2.1. Analysis of particle’s color parameters
Fig. 2 presents the biplot of PC1 versus PC4, chosen to evaluate
the particle’s color parameters.
Parameter b* showed a strong positive correlation (r = 0.994)
with color saturation (C*), which was already expected due to
the strong yellow color shown by all samples (positive b* values).
The used type of encapsulant polymer (PVP, k-carrageenan and
PVA) was the main grouping factor. For instance, samples produced
with PVA as the encapsulant material (experiments 1 to 6) are
grouped in the same quadrant of vectors representing b* and C*,
with the exception of experiment 4. It is also possible to observe
a cluster composed by samples produced with k-carrageenan asthe encapsulating material (experiments 7, 8, 11 and 12); only
experiment 10 is positioned in a different quadrant. These two
clusters include samples corresponding to formulations using dif-
ferent pH, and contents of curcumin and Tween 80. A third cluster
was formed by samples produced with PVP as the encapsulating
agent and different curcumin amounts (13, 16 and 17), but with
the same pH (4.5) and Tween 80 content (15%). This observation
could be motivated by the achieved high color saturation in PVP
samples, even when a low curcumin content is used. The Tween
80 content, used at low levels in all experiments, presented low
influence on color parameters. On the other hand, the use of higher
pH during the particles production (experiments 8, 11 and 18),
decreases color saturation on the yellow range (b* and C*). Also,
acidic pH (experiments 1 and 6) led to particles characterized by
a stronger yellow color.
Fig. 2. Biplots of PC1 versus PC4 used to evaluate particle’s color parameters (a*, b*, L*, C* and H).
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The first two principal components (PC1 and PC 2) were able to
describe the behavior of the defined particle size parameters (D10,
D50 and D90) and their biplot combination is presented in Fig. 3.Fig. 3. Biplots of PC2 versus PC1 used to evaluate
Fig. 4. Biplots of PC4 versus PC5 used to evaluate coloPCA showed that the particle size parameters, D10, D50 and D90,
are highly correlated since their vectors are aligned (Sena et al.,
2002) and present high correlation coefficients (Table S1, Supple-
mentary Material). Experiments 4, 8, 12 and 13, those with higherparticle size parameters (D10, D50 and D90).
r change after 60 and 120 min heating at 180 C.
254 V.F. Leimann et al. / Chemical Engineering Science 205 (2019) 248–258amounts of curcumin, are located in the quadrant opposite to the
one of D10, D50 and D90 vectors, meaning that curcumin content
played an important role in the obtained particle size, independentFig. 5. Images of curcumin (Curc), and particle samples using PVA (Experiments 1 and 4
after heating treatment at 180 C during 30, 60 and 120 min.of the used polymer type. Nevertheless, particle size and color
parameters are not correlated each other (Table S1, Supplementary
Material). This could be due to the particle’s formation mechanism,), k-carrageenan (Experiments 7 and 9) and PVP (Experiment 16 and 18), before and
V.F. Leimann et al. / Chemical Engineering Science 205 (2019) 248–258 255which involves hydrogen bonding between curcumin hydroxyls
and hydroxyl and carbonyl groups in the polymer structure
(Almeida et al., 2017; Silva et al., 2017). This does not happen with
Experiment 1, which also uses a high curcumin content. In fact, this
experiment is located in the negative quadrants of PC2, together
with all other experiments using PVA. A positive correlation was
found between the type of encapsulant material and the particle
size. PVA particles (experiments 1 to 6) were grouped in the nega-
tive quadrants of PC2 and oppositely to the one of the D10, D50 and
D90 vectors, indicating that smaller particles were obtained when
PVA was the used.
3.2.3. Analysis of the color stability after heating treatment
The PC1 and PC2 combination (Fig. 3) was able to describe the
color variation when samples were subjected to the 30-minutes
treatment. For longer times (60 and 120 min), PC4 and PC5 were
found more adequate and are represented in Fig. 4. In Fig. 5 images
of samples, chosen as representative experimental runs together
with curcumin itself (used for comparison purposes), before and
after the heating treatment, are presented.
It is worth noting that color change after heating treatments
during 30, 60 and 120 min were not correlated to each otherFig. 7. Principal component analysis (PCA) of the UV–Vis spectra of the water dispersion
and the number in parenthesis the pH). Experiments 1, 8 and 19 are highlighted in red,
Fig. 6. Hierarchical cluster analysis (HCA) of the UV–Vis spectra of the water dispersions c
the number in parenthesis the pH). Experiments 1, 8 and 19 are highlighted in red, gree(Table S1, Supplementary Material). Moreover, the samples located
in the opposite direction of color change, for the three evaluated
times (experiments 4, 5, 8, 11 and 18), were obtained under nearly
neutral pH and presented less color changes. This improvement of
resistance to heating can be also corroborated by the analysis of
the images included in Fig. 4. The encapsulants PVP (experiments
17 and 18) and k-carrageenan (experiments 8 and 11) were the
more effective in protecting curcumin against heating. In fact,
PVA particles that presented a more intense color after production,
suffered higher color changes, indicating that this encapsulant was
less effective towards heating processing. The achieved findings
suggest that PVA-curcumin particles are colorant systems more
suitable to be incorporated in foods where no heating treatment
is needed. On the other hand, PVP and k-carrageenan would be
useful systems to be applied in the case of foodstuffs subjected
to heating stages.
Another important finding is that PVA was more effective in
preserving curcumin color after 30 min heating, but this scenario
changes when higher heating times are used (60 and 120 min).
k-carrageenan was able to protect curcumin color until 60 min of
heating while PVP was the most efficient in preventing color
changes for longer heating periods (120 min). This behavior is wells containing the particles under different pH (first number is the experimental run
green and magenta, respectively.
ontaining the particles under different pH (first number is the experimental run and
n and magenta, respectively.
256 V.F. Leimann et al. / Chemical Engineering Science 205 (2019) 248–258represented by Experiments 4 (PVA as encapsulant), and 18 (PVP).
Among all the tested experimental conditions, the ones of experi-
ment 18 were the most effective for protecting curcumin against
long heating periods at 180 C.
It is also important to observe that curcumin itself, i.e. curcumin
in its non-encapsulated form, could not stand heating treatmentsFig. 8. UV–Vis spectra of the particles dispersed in water at pH 1, 3, 5, 7, 9 and 11 for
Experiment 19 (PVP).(Fig. 4, first line) being fully discolored after only 30 min at
180 C. Although the determination of color after 120 min of heat-
ing treatment is important to understand how long color could be
maintained, this heating time, for most oven baked food products,
is oversized since less than 60 min are enough for a wide variety of
products. In this context, results demonstrated that encapsulation(a) Experiment 1 (PVA as encapsulant), (b) Experiment 8 (k-carrageenan) and (c)
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mainly during heating periods not exceeding 60 min.3.3. Hierarchical cluster analysis (HCA) to evaluate color stability
against pH
Particles were dispersed in water with pH ranging from 1 to 11,
and each experimental condition analyzed by UV–Vis. The
obtained spectra were evaluated using hierarchical cluster analysis
(HCA) and the results are presented in Fig. 6. The scores for PC1 and
PC2 obtained by PCA are shown in Fig. 7. Spectra obtained for
experiments 1 (PVA as encapsulant) 8 (k-carrageenan) and 19
(PVP) are presented in Fig. 8.
It is to be noted that the evaluation of pure curcumin was not
performed due to its highly hydrophobic character and consequent
insolubility in water. Also, it is worth noting that curcumin color is
very sensitive to pH changes, varying from bright yellow in acid pH
to brown in alkaline pH. Thus, it is important from a technological
point of view to assure that encapsulation stabilizes curcumin
color leading to a less pH-dependent behavior. In Fig. 6 one may
observe color dissimilarity of the particles water dispersions under
pH 1, 3, 5, 7 and 9 for experiment 1 (PVA as encapsulant material).
This dissimilarity was evaluated as 20%, being this formulation the
one leading to the least dissimilar results along the used pH condi-
tions. When k-carrageenan was the encapsulant material, dissimi-
larity was also 20% in experiment 8 for pH 3, 5, 7 and 9, and 50% for
pH 1. PVP particles (experiment 18) presented the smallest dissim-
ilarity (10%) in pH 1, 3, 5 and 7 but increasing to 50% for pH 1. For
experiment 19 (PVP as encapsulant) dissimilarity was 10% for pH 1,
3, 5 and 7 while for pH 9 it increased to 40%. For all cases, spectra
obtained at pH 11 were grouped and showed a dissimilarity of 50%
in comparison with the other pH values. Since the majority of food-
stuffs present pHs in the range of 3 to 9 the produced particles of
experiments 1, 8 and 19 can be applied since they result in minor
color variations.
PCA analysis (Fig. 7) showed spectra grouped in three regions:
spectra obtained at pH 11 (grouped in the upper-right region of
the graphic) differ from the ones using other pH conditions con-
firming the hierarchical plot results shown in Fig. 6; spectra
obtained at pH 9 were grouped in the central region of the graphic;
and spectra obtained at pH 1, 3, 5 and 7 were also grouped in the
lower-left region of the graphic. Moreover, experiments 1, 8 and 19
presented less scattered points meaning that spectra presented
high level of similarity.
Spectra obtained at pH 11 shifted to higher wavelengths when
compared to the ones obtained under lower pH (Fig. 8), which was
followed by a color change from yellow to intense orange. For pH 9,
a shoulder was formed in the region 500–600 nm, which was more
prominent in some samples (see Fig. 8c), even the wavelength cor-
responding to the maximum of absorbance did not significantly
change. These facts highlight the importance to evaluate this data
using the entire spectra by chemometrics tools and not just the
maximum absorbance point (Sousdaleff et al., 2013).4. Conclusion
In this work, solid dispersions technology was applied aiming at
producing curcumin-based colorants with improved resistance to
heat and to pH variation aqueous medium. An experimental design
was implemented in order to evaluate the effect of curcumin and
surfactant (Tween 80) concentration, pH and type of encapsulant
polymer (PVA, PVP and k-carrageenan) on particle size and color
parameters. Data generated by the experimental design were qual-
itatively evaluated by principal component analysis (PCA) and hier-
archical cluster analysis (HCA). Smaller particles were achievedusing PVA as encapsulant, and the use of higher curcumin levels
led to the formation of smaller particles. The formation of particles
with more intense color (higher b* and saturation C* values) were
favored by using PVA and acidic pH conditions during the synthesis.
The produced particles, and curcumin itself (used as control),
were treated at 180 C and color changes evaluated. Non-
encapsulated curcumin lost color after 30 min under heating,
whereas the encapsulated forms were able to maintain the color
for longer times, emerging as promising colorant formulations to
be used in bakery products. Tween 80 did not impact on parti-
cle’s color stability, but it was relevant to confer heating
protection.
Finally, color stability in aqueous medium under different pH
was evaluated using HCA, which demonstrated to be an efficient
methodology. HCA identified the experimental conditions that
led to the lowest UV–Vis spectra variation, helping to simulate
pH variations during foodstuffs processing. The use of PVA as the
encapsulant material guaranteed a similarity of 80% among the
spectra obtained in the pH range of 1 to 9. PVP was efficient at
pH values from 1 to 7 (similarity of 90%), whereas and k-
carrageenan resulted in a similarity of 80% between pH 3 and 9.
In general, one may conclude that particles with a wide range of
technological properties, in what concerns stability to heat and pH
variations, may be obtained by using the proposed curcumin
encapsulation technique. These properties will depend on the cho-
sen encapsulant material, used formulation (curcumin, surfactant
and polymer contents), and synthesis conditions (e.g. pH). PCA
and HCA were able to identify the experimental conditions that
favor the obtainment of particles with suitable technological char-
acteristics to be used as effective curcumin-based colorant
systems.Conflicts of interest
None.
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